ABSTRACT
Introduction
Human beings use durational and intonation patterns on the sequence of sound units, while producing speech. It is these prosody constraints (duration and intonation), that lend naturalness to human speech. Lack of this knowledge can easily be perceived, for instance, in the speech synthesized by a machine. Even though human beings are endowed with this knowledge, they are not able to express it explicitly. But it is necessary to acquire, represent and incorporate this prosody knowledge for synthesizing speech from a text. Speech signal carries information about the message to be conveyed, speaker and language in the prosody constraints, and these prosody cues aid human beings to get the message, and identify speaker and language. The prosody knowledge also helps to overcome perceptual ambiguities. Thus, acquisition and incorporation of prosody knowledge is essential for developing speech systems [1] [2] [3] .
Manifestation of Prosody Knowledge
Prosody can be viewed as speech features associated with larger units (than phonemes) such as syllables, words, phrases and sentences. Consequently, prosody is often considered as suprasegmental information. The prosody appears to structure the flow of speech, and is perceived as melody and rhythm. The prosody is represented acoustically by a pattern of duration and intonation (F0 contour). The prosody can be distinguished at four principal levels of manifestation [4] . They are at 1) Linguistic intention level, 2) articulator level, 3) acoustic realization level and 4) perceptual level.
At the linguistic level, prosody refers to relating different linguistic elements to each other, by accentuating certain elements of a text. For example, the linguistic distinctions that can be communicated through prosodic means are the distinction between question and statement, or the semantic emphasis of an element with respect to previously enunciated material.
At the articulator level, the prosody is physically manifested as a series of articulator movements. Thus, prosody manifestations typically include variations in the amplitudes of articulator movements, variations in air pressure, and specific patterns of electric impulses in nerves leading to the articulator musculature.
Muscle activity in the respiration system, and along the vocal tract leads to emission of sound waves. The acoustic realization of prosody can be observed and quantified using acoustic signal analysis. The main acoustic parameters bearing on prosody are fundamental frequency (F0), intensity and duration. For example, stressed syllables have higher fundamental frequency, greater amplitude and longer duration than unstressed syllables.
Finally, speech sound waves enter the ear of the listener who derives the linguistic and paralinguistic information from prosody via perceptual processing. At the level of perception, prosody can be expressed in terms of subjective experience of the listener, such as pauses, length, melody and loudness.
It is difficult to process or analyze the prosody through speech production or perception mechanisms. Hence the acoustic properties of speech are exploited for analyzing the prosody. In the next section we will discuss some of the sources of knowledge that are present in the speech signal.
Implicit Knowledge in Speech Signal
For illustration, we demonstrate some of the knowledge sources present in speech signal. Figure 1 shows a speech signal and its transcription, energy con-tour, pitch contour and spectrogram.
The waveform shown in Figure 1(a) represents the time domain representation of a speech signal, the abscissa (X-axis) indicates the timing information and the ordinate (Y-axis) indicates the amplitude of speech samples.
The transcription (Figure 1(b) ) represents the sequence of sound units and their boundaries. This gives information about the identities of sound units present in the speech signal and their durations. Energy contour (Figure 1(c) ) indicates the distribution of energy in different regions of the speech signal, and also gives a rough indication of the voiced and nonvoiced regions. Pitch contour (Figure 1(d)) indicates the global and local patterns of intonation. Global intonation pattern refers to the characteristics of the whole sentence or phrase. A rising intonation pattern at the global level indicates that the sentence (phrase) is interrogative, and a declining intonation pattern indicates a declarative sentence. Local fallrise patterns indicate the nature of words and basic sound units. The spectrogram (Figure 1(e) ) is used to represent the speech intensity in different frequency bands as a function of time. In Figure 1(e) , the ordinate is the frequency axis, and the grey value indicates the energy (intensity) of speech signal. The dark bands in the spectrogram represent the resonances of the vocal tract system. These resonances are also called formant frequencies, which represent the high energy regions in the frequency spectrum of a speech signal. These formant frequencies are distinct for each sound unit. The shape of the sequence of dark bands indicates the changes in the shape of the vocal tract from one sound unit to the other. Speech signal also contains information about semantics, language, speaker identity and emotional state of the speaker, which are difficult to represent quantitatively.
The basic goal of the paper is to identify the basic factors and important features, which influence the durations of the sequence of sound units present in speech. It is known that these durations depend on the linguistic and production constraints, and expressing these constraints using categorical features is a difficult task [5] [6] [7] . In this paper we present the analysis of durations of sound units with respect to phonological, positional and contextual factors. The analysis is performed on the broadcast news data for the Indian language Telugu. It is the Dravidian language with the largest number of speakers (approximately 75 million), the second most spoken language in India after Hindi. A similar analysis can be carried out for deriving the features required for modeling the intonation patterns.
The paper is organized as follows: The database used for duration analysis is described in Section 2. Computation of average durations and their deviations from the base durations for initial and final syllables is discussed in Section 3. Section 4 describes the analysis of durations of syllables using positional and contextual factors. Detailed analysis is performed in Section 5 by categorizing the syllables based on the size of the word and position of the word in the utterance. In Section 6, broad observations from the duration analysis carried out in Sections 3-5, are presented. Prediction of durations of syllables using rulebases and neural networks is discussed in Section 7. Brief summary and future extensions to the paper are presented in Section 8.
Speech Database
The database for this study consists of 20 broadcast news bulletins in Telugu. These news bulletins are read by male and female speakers. The total duration of speech in the database is 4.5 hours. The speech signal was sampled at 16k Hz and represented as 16 bit numbers. The speech is segmented into short utterances of duration of around 2 to 3 seconds. The speech utterances are manually transcribed into text using common transliteration code (ITRANS) for Indian languages [8] . The speech utterances are segmented and labeled manually into syllable like units. Each bulletin is organized in the form of syllables, words and orthographic text representations of the utterances. Each syllable and word file contains the text transcriptions and timing information in number of samples. The database consists of 6,484 utterances with 25,463 words and 84,349 syllables [9, 10] .
In this work, we have chosen syllable as the basic unit for the analysis. The syllable is a natural and convenient unit for speech in Indian languages. In Indian scripts characters generally correspond to syllables. A character in an Indian language script is typically in one of the following forms: V, CV, CCV, CCVC and CVCC, where C is a consonant and V is a vowel. Syllable boundaries are more precisely identified than phonemic segment in both the speech waveform and in the spectrographic display [11] .
Computation of Durations
In order to analyze the effects of positional and contextual factors, syllables need to b categorized into groups based on position and context. Syllables at word initial position, middle position and final position are grouped as initial syllables, middle syllables and final syllables, respectively. Syllables next to initial syllables are grouped as following syllables, while syllables before the final syllables are grouped as preceding syllables. Words with only one syllable are treated as monosyllabic words, and the syllables are known as monosyllables. In Telugu language the occurrence of monosyllables is very less.
To analyze the variations in durations of syllables due to positional and contextual factors, reference duration of the syllable is needed [12] . The reference duration, also known as base duration, the effect of any of the factors should be minimum. "For this analysis only the middle syllables are considered as neutral syllables, where the effects of positional and contextual factors are minimum. The base duration of a syllable is obtained by averaging the durations of all the middle syllables of that category.
In this analysis, some of the initial/final syllables have no reference duration, because they are not available in the word middle position. This subset of syllables is not considered for analysis.
For analyzing the effect of positional factors, initial and final position syllables are considered. This analysis consists of computation of mean duration of initial/final syllables an their deviation from their base durations. The deviations are expressed in percentage. For analyzing the gross behavior of positional factors, a set of syllables is considered, whose frequency of occurrence is greater than a particular threshold (threshold = 20) across all bulletins. This set consists of about 60 to 70 syllables, and is denoted as the set of common syllables. Most of these syllables are terminated with vowels and a few are terminated with consonants. Table 1 shows the percentage deviations of durations of the initial syllables terminating with vowels. Table 2 shows the percentage deviations of durations of the final syllables terminating with vowels. In these tables, the leftmost column indicates the consonant part of the syllable (CV or CCV) and the top row indicates the vowel part of the syllable. The other entries in the tables represent the percentage deviations of durations of the syllables. The blank entries in the tables correspond to syllables whose frequency of occurrence is less than a threshold (threshold = 20) across all bulletins.
Contextual factors deal with the effect of the preceding and the following unit on the current unit. In this analysis, middle syllables are assumed as neutral syllables. Therefore, initial and final syllables are analyzed for contextual effects. For initial syllable, only the effect of the following unit is analyzed. For final syllable, only the effect of the preceding syllable is analyzed. To perform the analysis, the following and preceding syllables need to be identified. The percentage deviation of duration is computed for all initial and final syllables. For each following syllable, the mean of the percentage deviation of durations of all corresponding initial syllables is computed. Likewise for each preceding syllable, the mean of the percentage deviation of durations of all corresponding final syllables is computed. These average deviations represent the variations in durations of initial and final syllables due to their following and preceding units, respectively. Table 3 shows the percentage deviations of durations of the initial syllables due to their following syllables terminating with vowels. Table 4 shows the percentage deviations of durations of final syllables due to their preceding syllables terminating with vowels.
Analysis of Duration
Durations of the syllables are analyzed using positional and contextual factors. The effect of positional factors is analyzed by observing the durations of initial and final syllables. The effect of contextual factors is analyzed by observing the durations of initial and final syllables with respect to their following and preceding syllables. The following subsections summarize the effects of positional and contextual factors on syllable duration.
Positional Factors
From Table 1 , it is observed that most of the syllables at word initial position have durations more than their base durations. The percentage deviations of durations of all the initial syllables are not uniform. They vary based on manner of articulation, place of articulation and voicing nature associated with the production of the syllable. At a primary level, it is noticed that syllables with voicing nature (consonant within a syllable is of voicing nature) have more deviations in durations compared to their unvoiced counterparts. Again, within the voiced and unvoiced categories, a variation in duration is observed based on the manner and place of articulation and on the nature of vowel present in the syllable. From the analysis of word final position syllables ( Table 2) , it is observed that most of the syllables terminating with vowels (i.e., CV type) have larger duration compared to their base duration. Bilabial stops, bilabial nasals and fricative group of syllables do not belong to the set of common syllables. From the final syllables of the set of common syllables, a broad grouping can be performed based on the vowel inside the syllable. Table 2 shows that syllables with the vowel /a/ have deviations in duration between 20% and 30%, while syllables with vowel /i/ and /u/ have about 40% to 60% deviations.
Contextual Factors
The effect of contextual factors on the initial and final syllables is given (in the form of percentage deviations of durations of syllables) in Tables 3 and 4, respectively. The initial syllable duration is close to its reference duration in the case of syllables with semivowels or fricatives in following position. The duration of initial syllable increases by 10% to 20% of its base duration, when nasalized syllable is the following unit. Trills and liquids increase the duration of their preceding syllables by 25% to 35%. Syllables with unvoiced stops at the following position affect the durations of their preceding syllables (initial syllables) more compared to syllables with voiced stops at the following position.
The final syllable duration increases by 20% to 30%, if the preceding syllable contains unvoiced stop consonant or semivowel. Syllables with voiced stop consonants and trills affect the duration of the following final syllables by 30% to 40%. The final syllable duration is increased by 45%, if liquid category syllables are in the preceding position. Nasals in the preceding position increase the duration of final syllables by approximately 30%. Fricative based syllables increase the duration of the following syllables by 10%. The important contextual effect observed is that syllables with unvoiced stop consonants affect the durations of their preceding syllables more compared to their following syllables, whereas syllables with voiced stop consonants affect the durations of their following syllables more.
Detailed Duration Analysis
In the analysis (Section 4), a wide range of durational variations are observed in both initial and final syllables. This is due to the dependency of syllable duration on size of the word and position of the word in the utterance. Hence, for a detailed duration analysis, the initial/final syllables need to be categorized further based on word size and position, and the analysis needs to be performed separately on different categories. Analysis of durations of the syllables with respect to position of the word and size of the word is performed in the following subsections.
Analysis of Durations Based on Position of the Word
To perform this analysis, words are classified into groups based on their position in the utterance. The word positions considered for the analysis are first, middle, and last, denoted by f W , m W and l W , respectively. From each group of words the following analysis is performed: Initial and final syllables, their adjacent syllables and their associated durations are derived. The average deviations of the durations of the initial and final syllables are computed using positional and contextual factors. The set of syllables present in each category above some threshold of frequency of occurrence is used for analysis. Table 5 shows the percentage deviations of durations of initial and final syllables present in the words at different positions in the utterance. Table 6 shows the percentage deviations of durations of the initial and final syllables due to their associated context (following and preceding syllables) present in the words at different positions in the utterance.
The following are the inferences drawn from the Table 5:
 W are more lengthened due to their preceding syllables, compared to other word positions.
Analysis of Durations Based on Size of the Word
In this analysis, words are categorized into groups based on the number of syllables they contain. In this study words are classified into six groups. They are monosyllabic, bisyllabic, trisyllabic, tetrasyllabic, pentasyllabic and polysyllabic words, containing of one, two, three, four, five and more than five syllables, respectively. Monosyllabic words are not considered for analysis, since they are very few in number. Analysis is performed separately for the other five groups. Table 7 shows the percentage deviations of durations of the initial syllables and final syllables present in different word sizes. Table  8 shows the percentage deviations of durations of the initial and final syllables due to their adjacent syllables.
The results of the analysis indicates that, the durations of the initial and final syllables in different word sizes are inversely related to word size. That is, the durations of the initial/final syllables in bisyllabic words are more compared to the durations of the initial/final syllables in polysyllabic words. The mean durations of the final syllables from various word sizes are more, compared to the initial syllables of their corresponding categories.
The deviations of durations of the initial and final syl- lables due to contextual factors are less in magnitude, compared to deviations in durations due to positional factors. The percentage deviations of durations of the initial syllables due to their following units are inversely related to size of the word, whereas for the final syllables, the deviations in durations due to their preceding units are proportional to size of the word. So far duration analysis is performed on the whole set of initial/final syllables, and on the categorized initial/final syllables based on position/size of the word in the utterance. In the analysis a large variation in duration within each category of syllables is observed. For more detailed analysis, there is a need to classify the syllables further by considering the size of the word and position of the word together. With this classification, words can be categorized into 15 groups (3 × 5 = 15, using position of the word 3 groups, and size of the word 5 groups).
Observation and Discussion
From the above analysis (Section 4 and Section 5) it is observed that duration patterns for the sequence of syllables depends on different factors at various levels. It is difficult to derive a finite number of rules which characterizes the behavior of the duration patterns of the syllables. Even to fit the linear models to characterize the durational behavior of the syllables is also difficult. Since the linguistic features associated to different factors have complex interactions at different levels, it is difficult to derive a rulebase or linear model to characterize the durational behavior of the syllables.
To overcome the difficulty in modeling the duration patterns of the syllables, nonlinear models can be explored. Nonlinear models are known for their ability to capture the complex relations between the input and output. The performance of the model depends on the quality and quantity of the training data, structure of the model and training and testing topologies [13] . From the analysis carried out in sections 4 and 5, we can identify the features that affect the duration of a syllable. The basic factors and its associated linguistic features that affect the durations of syllables are given in Table 9 . Nonlinear models can be developed using these features as input and the corresponding duration as the output to predict the durations of syllables [14] [15] [16] . Similar analogy can be used for modeling the intonation patterns [17, 18] .
Even though the list of the factors affecting the duration may be identified, but it is difficult to determine their effect independently. This is because the duration patterns of the sequence of sound units depend on several factors and their complex interactions. Formulation of From the duration analysis one can identify the list of features affecting the duration, but it is very difficult to derive the precise rules for estimating the duration. The analysis performed in this paper may be useful for some speech applications where the precise estimation of durations is not essential. For example, in the case of speech recognition, rule-based duration models can provide a supporting evidence to improve the recognition rate [19] . This is particularly evident in speech recognition in noisy environment [20] . In the case of speaker recognition, speaker-specific duration models will give an additional evidence, which can be further used to enhance the recognition performance [21] . Duration models are also useful in language identification task, since the duration patterns of the sequence of sound units are unique to a particular language [22] [23] [24] .
In the duration analysis, the numbers shown in the tables indicate the average deviations. These models may not be appropriate for Text-to-Speech (TTS) synthesis application. In TTS synthesis, precise duration models produce speech with high naturalness and intelligibility [25] . The naturalness mainly depends on the accuracy of prosody models. The derived duration models in the paper may not be appropriate for high quality TTS applications, but they can be useful in developing other speech systems such as speech recognition, speaker recognition and language identification. Precise duration models can be derived by using nonlinear models such as neural networks, support vector machines and classification and regression trees. A nonlinear model will give the precise duration by providing 1) all the factors and features responsible for the variation in duration as input, 2) each category of the sound unit has enough examples and (3) the database should contain enough diversity [13] .
Prediction of Durations
In this section, prediction performance of the durationmodels is illustrated using 
where i x , i y are the actual and predicted durations, respectively, and ei is the error between the actual and predicted durations. The deviation in error is i d , and N is the number of observed syllable durations. The correlation coefficient is given by
, w h e r e , . .
The quantities x  , y  are the standard deviations of the actual and predicted durations, respectively, and x V , Y is the correlation between the actual and predicted durations. The prediction performance of the duration models using different rulebases is given in Table 10 The first column indicates three different rulebases derived from the training data. The irst one indicate the rulebase derived from the gross duration analysis (i.e., analyzing the durations of all syllables). Second and third rulebases are derived from the refined duration analysis (i.e., analyzing the durations of syllables based on posi tion of the word and size of the word). Second column of the Table  10 indicates the basic influencing factors of the durations of the sound units, with which the rule-bases are derived. Columns 3-7, indicate the % of syllables predicted within 2%, 5%, 10%, 25% and 50% deviations from their actual durations. Columns 8-10, indicate objective measures of the prediction accuracy. From the results, it is observed that the accuracy of prediction has improved by using the rulebases derived from the syllables categorized based on position/size of the words, compared to whole set of the syllables. Here, in the manual analysis, the durations are predicted separately using positional and contextual factors. Combining the positional and contextual factors in the analysis of durations is very hard in deriving the rulebase, because of the difficulty in capturing the complex nonlinear interactions between them. Therefore, we propose a neural network model, which suppose to capture the complex interactions among the factors as well as their associated duration patterns.
A four layer Feed forward Neural Network (FFNN) is used for modeling the durations of syllables. The general structure of the FFNN is shown in Figure 2 Here the FFNN model is expected to capture the functional relationship between the input and output feature vectors of the given training data.
The mapping function is between the 25-dimensional input vector and the 1-dimensional output. It is known that a neural network with two hidden layers can realize any continuous vector-valued function [26] . The first layer is the input layer with linear units. The second and third layers are hidden layers. The second layer (first hidden layer) of the network has more units than the input layer, and it can be interpreted as capturing some local features in the input space. The third layer (second hidden layer) has fewer units than the first layer, and can be interpreted as capturing some global features [13, 27] . The fourth layer is the output layer having one unit representing the duration of a syllable. The activation function for the units at the input layer is linear, and for the units at the hidden layers, it is nonlinear. Generalization by the network is influenced by three factors: The size of the training set, the architecture of the neural network, and the complexity of the problem. We have no control over the first and last factors. Several network structures were explored in this study. The (empirically arrived) final structure of the network is 25L 50N 12N 1N , where L denotes a linear unit, and N denotes a nonlinear unit. The integer value indicates the number of units used in that layer. The nonlinear units use tanh(s) as the activation function, where s is the activation value of that unit. For studying the effect of the positional and contextual factors on syllable duration, the network structures 14L 28N 7N 1N and 13L 26N 7N 1N are used, respectively. The proportions of the number of units in each layer are similar as in the earlier network. The inputs to these networks represent the positional and contextual factors. All the input and output features are normalized to the range [-1, +1] before presenting them to the neural network. The back propagation learning algorithm is used for adjusting the weights of the network to minimize the mean squared error for each syllable duration [27] . For studying the effect of positional and contextual factors on syllable duration, the features associated with the syllable position and syllable context were used separately. The features representing the positional factors are: 1) Syllable position in the phrase (3-dimensional feature), 2) syllable position in the word (3-dimensional feature), 3) word position in the phrase (3-dimensional feature), 4) syllable identity (4-dimensional feature) and 5) identity of gender. Features representing the contextual factors are the identities of the present syllable, its previous and following syllables and the identity of gender. Altogether, we have developed three neural network models 1) Model developed using only positional features, 2) Model developed using only contextual features and 3) Model developed using both positional and contextual features. The prediction performance of these three models is given in Table 11 . It is observed that the accuracy of prediction is superior for the neural network models (see Table 11 ), compared to rule based models (see Table 10 ). This is due to fact that the neural net work captures the hidden interactions that are present in the features of different levels. 
Summary and Conclusion
Factors affecting the durations of syllables in continuous speech were identified. They are positional, contextual and phonological factors. Durations were analyzed using positional and contextual factors. In the analysis of positional factors, it was noted that the deviations in durations of the syllables depend on voicing, place and manner of articulation, and nature of vowel present in the syllable. From the analysis of contextual factors, it was mainly observed that syllables with unvoiced stop consonants affect the durations of their preceding syllables, and syllables with voiced consonants affect the durations of their following syllables. In the analysis, a wide range of durational variations was observed. For detailed analysis, categorization of syllables was suggested. In this work syllables were categorized based on size of the word and position of the word in the utterance, and the analysis was performed separately in each group. From the analysis, list of various factors and its associated features which affect the duration patterns of the sequence of sound units were identified. Nonlinear models were suggested for predicting the accurate durations of syllables from the complex interactions of various factors at different levels. Prediction performance of the duration models using rulebase and neural networks was evaluated. It was observed that the accuracy of prediction using neural network models was better compared to the models derived from rulebases. This is because of the capability of the neural networks to capture the complex nonlinear relations across the factors influencing the durations of sound units. The duration analysis can be further extended by analyzing the factors at higher level such as accent and prominence of syllables, part-ofspeech (syntactic factors), semantics and the emotional state of the speaker.
